Enhancements to traditional catchment-scale water quality assessments can be realized by leveraging geographical information systems (GIS) for both field data collection and hydrologic and water quality (H/WQ) modeling. In this study, we describe a GIS-based data collection system for geo-referenced environmental sampling utilizing mobile, wireless and Internet technologies.
INTRODUCTION
Traditional catchment-scale water quality assessments are based on monitoring chemical and biological indicators at selected sites to observe long-term trends and develop causal relationships with land-use practices. Due to the spatial distribution of non-point sources, locating the precise origin and triggering of water quality exceedance events is difficult from historical measurements at a few sparse sites. For this reason, Grayson et al. (1997) and Eyre & Pepperell (1999) advocate the use of short-duration, spatially extensive water quality sampling campaigns during steady-state conditions. This sampling methodology provides an instantaneous view of the spatial variation of water quality under stable, low flow conditions. However, during storm events when water quality exceedances are typical (Nolan et al. 1995) , the steady-state "snapshot" sampling strategy is not appropriate for discerning water quality variations within a large regional watershed (Grayson et al. 1997) .
Diagnosing the spatial distribution of water quantity and quality during storm events requires incorporating field measurements into watershed simulation models. Although water quality modeling studies abound (e.g. Tim et al. 1992;  variations at spatial and temporal scales beyond the field monitoring extent.
Geographical information systems (GIS) provide the spatial context for advancing the state-of-the-art in H/WQ sampling and modeling. Through the explicit representation of geographic location, GIS-enabled technologies capture the spatial variability inherent in sampled environmental parameters or modeled hydrologic processes. Although various studies have integrated H/WQ models and GIS (e.g. Vieux 1991; Sui and Maggio 1999) , the use of GIS for both environmental field sampling and hydrologic and water quality modeling has not been addressed previously.
Nevertheless, Tim et al. (1992) and Rosenthal & Hoffman (1999) demonstrate the use of GIS-enabled H/WQ models for identifying critical regions that require intensive field monitoring.
In this study, we present the integrated use of two technologies for GIS-based H/WQ field sampling and modeling: (1) a new field data collection system that utilizes mobile computers, wireless communications and real-time Internet mapping and (2) a GIS-enabled, semi-distributed catchment model for water quality and flow predictions. In the following, we describe the use of the data collection system during a field study in the Williams River, New South Wales, Australia, as well as a hydrologic and water quality modeling effort based on historical and field-sampled data.
The next section describes the new data collection technology, while the third section presents details on the H/WQ model. The fourth section briefly discusses the loose coupling of the GIS-based field data collection and modeling technologies. An application of the GIS-based field data collection and H/WQ modeling for the Williams River is then described in the next section. Finally, the last section discusses the case study results and the potential of GIS-enabled data collection and spatially distributed modeling for enhancing hydrologic and water quality studies.
FIELD DATA COLLECTION SYSTEM
Field data collection during water quality assessments is a labor-intensive exercise typified by measurement, geo-referencing and transcription errors. Significant delays are expected between the data collection study and subsequent data analysis or modeling. Nevertheless, recent technological advances permit scientists to process, transmit and even map data while still in the field. Vivoni & Camilli (2003) describe a field data collection system that facilitates water quality assessments and data distribution. By "streaming" environmental field data, the system allows multiple teams to gather, share and transmit data simultaneously in tabular and cartographic (GIS) format within a localized field site as well as remote locations via the Internet. Figure 1 illustrates a schematic of the GIS-based field data collection system for the acquisition, storage, transmission and mapping of geo-referenced environmental data.
The primary system objective is to associate sampled water quality parameters with a unique location through the integration of environmental sensors and mobile computers. The system consists of a series of ruggedized hand-held computers and a roving station equipped with a local server, wireless router and connection to a remote web server. The mobile computers contain software used to gather data from a global positioning system (GPS) sensor, a multiparameter water quality sensor, a flow meter, a portable spectrophotometer and bacterial sampling equipment.
Water quality and hydrologic sampling is enhanced through the visualization capabilities provided by various mobile and web-based GIS applications ( Figure 2 ). In order to display cartographic data to the mobile field worker, three mechanisms are implemented: (1) local map generation utilizing mobile GIS software, (2) uploading of a customized mapping service through a web browser and (3) integration with a remote web mapping server. GIS serves to integrate the geo-referenced water quality and hydrologic data with topography, soils, land use and hydrography data for the field site. In addition, GIS data layers describing the watershed land-surface and the hydrologic and water quality sampling locations can be used to establish a predictive H/WQ model that incorporates the spatial variation in basin properties. Furthermore, field data collection has the potential to aid in the selection of the model domain, resolution and parameters.
HYDROLOGIC AND WATER QUALITY MODELING
Hydrologic and water quality models are useful tools for assessments of point and non-point source pollution.
Among existing models, few provide the capabilities for continuous, spatially explicit simulation of hydrologic and transport processes in watersheds. Even fewer models are integrated with GIS, a desirable feature for facilitating spatial data inputs, analysis and simulations (Tim 1996) .
Among the available H/WQ models, the Hydrologic Simulation Program -Fortran (HSPF) is considered one of the most complete (Laroche et al. 1996; Carrubba 2000) .
The spatial variability in catchment water quality is simulated via discretization of the basin into sub-catchments composed of homogeneous segments contributing to runoff and transport (Jacomino & Fields 1997) . Runoff from pervious and impervious land is routed through a channel network within which sediment, nutrients and contaminant transport can be modeled. and Endreny (2002) discuss the advantages and disadvantages of utilizing BASINS for interfacing hydrologic models. In particular, a weakness identified by these authors is the difficulty in applying the toolkit to watersheds outside the United States or with alternative data sources.
While model discretization in HSPF is based on subcatchments, the use of the BASINS toolkit permits assignment of spatially varying parameter values across a basin.
For applications with a high model resolution represented via a large number of internal sub-catchments, the semidistributed HSPF model can depict realistic variations in land use, hydrography and terrain (Duda et al. 2001; Endreny 2002; Endreny et al. 2003) . Sub-catchment partitioning also permits stream hydrograph and water quality simulations at individual internal basins (e.g. In et al. 2003) , as well as spatial analysis of H/WQ model output (e.g., Johnson et al. 2003) . Thus, the semi-distributed model is amenable to GIS-based analysis despite its lack of representing hydrologic and transport processes over domains in a fully distributed fashion (see Ewen et al. 2000; Leó n et al. 2001) . 
INTEGRATED USE OF GIS-BASED TECHNOLOGIES
To improve H/WQ studies in large regional basins, an efficient means is sought for monitoring and simulating the spatial and temporal variations in hydrologic and water quality parameters. The integrated use of GIS-based sampling and modeling during a H/WQ study is a means for (1) efficiently gathering field data at sites critical to the model application, (2) merging field data with historical records at selected model-specific sites, (3) corroborating existing maps through field verification for model input, (4) enhancing the geospatial details of the model application via field observations and (5) conducting continuous and spatial simulations during and beyond the sampling period.
The proper integration of the GIS-based sampling and modeling technologies would allow the field experimentalist and the computer modeler to better understand the watershed system under study (e.g. Siebert & McDonnell 2002) .
While the tight coupling between the GIS-based field sampling and modeling is desirable, a reasonable first step towards this goal is to utilize the two technologies in a loosely coupled fashion. Since the data collection and simulation efforts are conducted within a GIS system, a seamless integration is possible of the geospatial coverages, field observations and data, historical records, model forcing and model output ( Figure 3 ). Loose coupling between the two GIS-based technologies is achieved via:
(1) utilizing geospatial watershed data verified in the field to setup the H/WQ model, (2) developing a modeling domain based on sampling sites from historical and spatially extensive studies, (3) using geospatial data to force the continuous H/WQ model and (4) comparing spatial model output to the historical and field data at numerous sampling sites. Furthermore, the integrated use of GIS-based field data in the H/WQ model can lead to enhancements in both activities by exposing deficiencies in the sampling plan or in the model simulation. These deficiencies can be corrected through an iterative process of refinement of the field data collection and model application. For example, field data can be used for updating model parameters and the modeling results can be used to target sampling efforts.
CASE STUDY
The use of GIS for field data collection and H/WQ modeling is demonstrated during a field campaign and modeling exercise in the Williams River located in New 
Catchment description
The Williams River basin is characterized by a mountainous, forested region in the north and a series of low, rolling hills, used for cattle grazing, in the central and southern portions. The catchment has recently been confronted with a variety of water quality issues including eutrophication and blue-green algae blooms (Hunter Water Corporation 2001). Non-point source pollution in the watershed has been attributed to runoff from pasture and grazing lands, especially during storms (e.g. Nolan et al. 1995) . Due to rainfall and runoff intermittency in the Williams River (Thomas & Henderson-Sellers 1991) , the triggering of water quality exceedence events is closely linked to the storms that induce highly variable runoff (Croke & Jakeman 2001) .
The warm, temperate climate in the Williams basin is modulated by an orographic effect imposed by the Barrington Tops mountain range and a maritime influence due to its coastal proximity (Wooldridge et al. 2001b) . Both effects induce spatial variability in rainfall within the watershed, as demonstrated by rain gauge records for two locations in the catchment ( Figure 5(a) ). The northern, mountain region receives considerably more rainfall than the central and southern portions due to the orographic effect. This rainfall variability translates into a higher proportion of runoff attributed to the upper catchment areas during wet and dry years (Wooldridge et al. 2001a) . Combined with the spatial variability in landscape properties (e.g. soils, land use, topography, hydrography), the rainfall variations across the catchment lead to differences in the observed runoff within the stream gauging network ( Figure 5(b) ).
Watershed and hydrometerological data
On-going efforts to monitor the Williams River for bluegreen algae and nutrients provided important sources of 
Model setup
The BASINS toolkit provides various GIS functions for delineating streams and basin boundaries, assigning land use and specifying rainfall and stream gauges. The stream network was derived from the 25-m DEM using a constantarea threshold of 14 km 2 , chosen based on comparisons to the hydrography extracted from aerial photographs. HSPF is primarily parameterized through the use of land-use cover ( Figure 6 ). Basin land use was grouped into five major classes: forests, grazing, crops, urban areas and water bodies. BASINS facilitates the specification of the perviousness for each land use which determines the use of the pervious (PERLND) or impervious (IMPLND) HSPF modules. Impervious segments were assigned using the criteria of directly connected impervious (DCI) areas (Bergman & Donnangelo 2000) . Given its rural nature, DCI or impervious areas are infrequent in the watershed.
Nevertheless, low permeability soils determined from soil county maps (Matthei 1995; Henderson 2000) were identified and correlated with distance to the streams to determine DCI areas. This resulted in a spatial map of land use and perviousness used to parameterize each subbasin in the model. (Table 1) . For this last step, both the deviation of runoff volume (D v ), defined as
where V o is the observed runoff volume and V s is the simulated runoff volume, and the Nash -Sutcliffe efficiency coefficient (E), defined as where Q o is the observed discharge, Q s is the simulated discharge and Q is the mean of the observed discharge, were utilized to gauge model performance (ASCE 1993) . 
Model verification
Verification of the calibration parameter values was performed for the stream flow at Mill Dam Falls and Tillegra for the period 1996-2000. Figure 10 illustrates the verification results for the year 2000 at Mill Dam Falls. As compared to the calibration, a slightly higher D v and improved E are observed ( Table 2 ). The peak flow, time to peak, baseflow recession and low-flow conditions are simulated appropriately over the verification period for the 1000 km 2 region ( Figure 6 ).
Given that model calibration parameter values were applied uniformly for the pervious and impervious fractions determined from spatial land-cover data, an important test of the model is whether simulations at internal points are appropriate. One method employed here is comparing the simulated and observed hydrographs at the internal Tillegra gauge during the verification period ( Figure 11 ). The results of this "blind" verification suggest the model is overestimating runoff in the Tillegra sub-basin (195 km 2 ), due to the bias introduced by using high rainfall values at Barrington for the entire sub-basin. Despite this, model performance is adequate, considering that observations at Tillegra were not used during calibration and that rainfall from three rain gauges is used to force the watershed model in a spatially explicit fashion. Model performance over Figures 10 and 11 .
Water quality modeling
The calibration and verification of the hydrologic component of the semi-distributed HSPF model for the Williams River watershed is a prerequisite for the simulation of transport processes in the catchment. Water quality modeling using HSPF has received much less attention than hydrologic simulations, although notable examples exist (e.g. Laroche et al. 1996; Engelmann et al. 2002) . In this research, we have focused on simulating the bacterial loading, particularly fecal coliform, to the Williams River basin from the grazing activities in the catchment.
Water quality exceedence events in the catchment have been related directly to coliform concentrations produced by cattle grazing near streams (Nolan et al. 1995) .
Although historical fecal coliform data are available, current estimates of the amount of cattle grazing activity, its temporal variability and spatial distribution are insufficient to accurately ascertain the bacterial input to the catchment.
Given appropriate source data, the HSPF model can be utilized with the existing hydrologic calibration in predict-ing bacterial transport . Specifically, the input of fecal coliform from cattle near streams can be modeled 
DISCUSSION
In this study, we illustrate the integrated use of a GIS-based field data collection system and a semi-distributed model for hydrologic and water quality assessments in a large regional watershed. Geographic information systems facilitated the collection of field data among a set of teams dispersed throughout the basin. Favorable comparisons between the field samples to historical records suggest the field campaign was effective in determining basin water quality during low-flow conditions. Expanding the scope of a field study to storm periods is more difficult since the watershed is inherently unsteady during these events. In the absence of field data, a well-calibrated H/WQ model can be used to discover the spatial and temporal variation of runoff or bacterial transport during storm events. We follow this approach by calibrating the hydrologic components of a As discussed previously, the GIS-based technologies utilized in this study are loosely coupled as a means for integrating field data and semi-distributed modeling. Tighter coupling of the two technologies is desirable for several reasons, including the potential for feedback between field data collection and continuous modeling. A fully coupled system can best be achieved by implementing a web-based H/WQ modeling service that remotely uses the data from the GIS-based data collection system (Figure 2) . Such a development would provide the capability for using in situ, real-time data in a continuous model operating off-site ( Figure 1 ). Short-term, extensive field studies can be complemented with a network of telemetered stations continuously collecting data at a select number of sites, which can be transmitted via the Internet (e.g. Christensen 
CONCLUSIONS
This paper describes the use of geographic information systems for field data collection and semi-distributed basin modeling in water quantity and quality applications. GIS provides the spatial context for gathering, displaying and analyzing geo-referenced field data obtained using a mobile, wireless system. GIS also serves as an interface for a spatially explicit hydrologic and water quality model that simulates basin processes during storm and interstorm periods. In the Williams River case study presented here, we utilized the GIS-based system to (1) select sampling sites based on historical data and model requirements, (2) 
